ABSTRACT During their nuclear replication stage, influenza viruses hijack the host splicing machinery to process some of their RNA segments, the M and NS segments. In this review, we provide an overview of the current knowledge gathered on this interplay between influenza viruses and the cellular spliceosome, with a particular focus on influenza A viruses (IAV). These viruses have developed accurate regulation mechanisms to reassign the host spliceosome to alter host cellular expression and enable an optimal expression of specific spliced viral products throughout infection. Moreover, IAV segments undergoing splicing display high levels of similarity with human consensus splice sites and their viral transcripts show noteworthy secondary structures. Sequence alignments and consensus analyses, along with recently published studies, suggest both conservation and evolution of viral splice site sequences and structure for improved adaptation to the host. Altogether, these results emphasize the ability of IAV to be well adapted to the host's splicing machinery, and further investigations may contribute to a better understanding of splicing regulation with regard to viral replication, host range, and pathogenesis.
I
nfluenza viruses A, B, and C (IAV, IBV, and ICV, respectively) belong to the family Orthomyxoviridae. Among these three types of viruses that infect humans, only IAV and IBV are pathogenic, with IAV being the most predominant worldwide. IAVs are classified into subtypes depending on their surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA) (e.g., H1N1, H3N2, etc.) (1, 2) . Influenza viruses constitute a serious public health problem, causing severe illness and death within high-risk populations during seasonal epidemics and, more rarely but recurrently, IAV-related pandemics.
Influenza viruses contain a segmented genome of singlestranded negative-sense RNA. Each viral RNA (vRNA) segment is included in viral ribonucleoprotein complexes (vRNPs) that are encapsidated by viral nucleoproteins (NP) in association with a complex of three viral proteins (PB1, PB2, and PA for IAV/IBV and PB1, PB2, and P3 for ICV), forming the RNA-dependent RNA polymerase (RdRp) (Fig. 1A) (3, 4) . For all influenza viruses, after virus entry into the host cell, incoming vRNPs are transported toward the nucleus, where they are transcribed into viral mRNAs and replicated into new vRNAs by the viral polymerase with the support of the host RNA polymerase II and transcriptosome machinery (Fig. 1B) (5) (6) (7) . Such a nuclear localization is uncommon for RNA viruses and highlights that influenza virus can directly interfere with the host nuclear machineries and their components. Evidence for this is illustrated during infection by a major remodeling of host nuclear ultrastructures (3, 8) and by multiple functional interactions between IAV and host nuclear factors, an example being the 5=-cap snatching from host premRNAs to viral ones (reviewed in reference 9). Interestingly, influenza viruses have developed various strategies to optimize the coding potential of their segmented genome. Indeed, IAV and IBV possess eight vRNA segments, which have been shown to encode up to 17 and 11 proteins, respectively. ICV has seven vRNA segments that encode nine viral proteins (10, 11) . In the case of IAV, segment 2 encodes the polymerase basic (PB) proteins PB1, PB1-F2, and PB1-N40 by using alternative translation initiation sites (12, 13) ; segment 3 encodes the polymerase acidic (PA) proteins PA and PA-X by a ribosomal frameshift, as well as two additional N-terminally truncated forms (PA-N155 and PA-N182) by using alternative translation initiation sites (14, 15) ; and finally, segment 7 encodes the matrix (M) protein M1 and ion channel proteins M2 and M42 and segment 8 encodes the nonstructural (NS) protein NS1, nuclear export protein NS2/NEP, and NS3 by alternative mRNA splicing. Most knowledge about cellular and viral genome splicing comes from studies performed with adenoviral and retroviral models, which revealed the rich proteomic variety offered by a single viral genomic molecule (16, 17) . In contrast, more limited data are available for other viral models, such as influenza virus.
In this review, we provide an overview of the current knowledge gathered on the interplay between influenza viruses and the cellular spliceosome, with a special focus on IAVs, which are better documented in the literature. While the splicing events of the two smallest IAV RNA segments were well described soon after the description of its genome, much remains unknown, and current studies working toward unraveling the fine regulation mechanisms of viral splicing are necessary to a better understanding of viral replication, host range, and pathogenesis mechanisms.
CLASSICAL SIGNALS, EFFECTORS, AND REGULATORS OF PRE-mRNA SPLICING IN HUMANS
Splicing is an essential step for eukaryotic gene expression. To generate mature mRNAs for translation, introns/noncoding sequences have to be removed to allow exons, the genuine coding sequences, to be joined together accurately. Moreover, premRNAs can undergo alternative splicing that provides a large assortment of mRNAs from the same nascent sequence and which contributes toward widening the proteomic diversity (18) . The splicing process is performed by the coordinated actions of a large ribonucleoprotein (RNP) complex known as the spliceosome, which is composed of five small nuclear RNAs (snRNAs) (U1, U2, U4, U5, and U6) in association with numerous regulating factors. The accurate activity of the spliceosome is supported by mRNA cis-acting classical signals that are specifically recognized by the ribonucleoprotein complex; these are the donor splice site (5= ss), the branch point site, the polypyrimidine tract, and the acceptor splice site (3= ss). Additional RNA motifs are also recognized by processing and splicing factors, including serine-arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) ( Fig. 2) (19) . SR proteins are characterized as splicing enhancers and act to stabilize the spliceosome assembly and modulate the selection of alternative 5= ss in a concentration-dependent manner. The best-characterized SR proteins, SF2/ASF, SC35, SRp40, and SRp55, are represented in Fig. 2 (20, 21) . hnRNPs constitute a family of pre-mRNA-binding proteins that are associated with different functions, such as preventing the folding of pre-mRNA and exporting mRNA out of the nucleus (22) . Even though the major consensus motifs for classical splicing signals in the human genome are now well established (Fig. 2) , a complete picture of the integrated regulatory code that drives the splicing process remains to be deciphered (18, 20, (23) (24) (25) . Indeed, splicing is considered one of the most complex processes occurring in the cell. Furthermore, this machinery is closely coupled with the transcriptosome, in which RNA polymerase II recruits splicing factors while nuclear export receptors are recognizing spliced mRNAs (reviewed in references 23 and 24) . In this context, the ability of influenza viruses to hijack these processes demonstrates their impressive adaptation to their host.
ALTERATION OF HOST RNA MATURATION PROCESS BY INFLUENZA VIRUS
IAV interactions with the spliceosome are well illustrated by the delocalization of components within the nucleus, such as SC35 splicing factor and p80/coilin from speckle domains and Cajal bodies, respectively ( Fig. 1C ) (26) . Such a remodeling makes it possible for IAV to alter cellular splicing and, thus, impact the biogenesis and maturation of host mRNAs. Indeed, numerous studies, including ours, have described a marked impact of influ-
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receptor-mediated endocytosis. Acidification of the endocytic vesicles leads to virus uncoating mediated by the M2 ion channel. vRNPs are then released into the cytoplasm and transported into the nucleus. There, the viral RNA-dependent RNA polymerase complex snatches the host mRNA caps (red line) to initiate the negative vRNA [vRNA(-)] transcription. Transcribed vRNAs then need to undergo an mRNA maturation phase, including the pre-mRNA splicing (depicted in dotted-line box), before export to the cytoplasm to be translated. vRNAs are also replicated in the nucleus to generate new vRNPs in association with neosynthesized viral proteins. Progeny vRNPs are transported toward the cytoplasmic membrane with viral components to be packaged into new infectious particles which are formed by cellular envelope budding. Panels A and B are based on data from reference 3. (C) Coilin is used as an example to show IAV-induced modifications of host splicing factors in the nucleus. A549 cells were infected with influenza virus A/Moscow/10/99 (H3N2) at a multiplicity of infection of 0.1 for 24 h, fixed, and immunostained to study the localization of IAV NS1 (green) and coilin (red). DAPI was used to stain cell nuclei (blue). Coilin expression is strongly affected within infected cells compared with its expression in noninfected cells (well-defined spots).
FIG 2
Classical signals, effectors, and regulators of pre-mRNA splicing in human cells. Four intronic motifs are required for splicing of pre-mRNA: the donor site GU at the intronic 5= end (5= ss), the branch point A, the polypyrimidine tract (Y)n upstream from the acceptor site AG dinucleotide at the intronic 3= end, and the acceptor splice site (3= ss). The sequences surrounding both the donor and acceptor dinucleotides are highly conserved, as illustrated by the consensus sequence representations (20) . For each sequence motif, the size of a nucleotide is proportional to its frequency at the given position obtained from sequence alignments. Colored nucleotides show the exon-intron boundaries. The spliceosome is composed of small nuclear RNAs and polypeptides in small nuclear ribonucleoproteins (snRNPs), including the subunit U1, U2, U4, U5, and U6 snRNPs. In the first stages, U1 snRNP binds to the acceptor site and U2 snRNP to the donor site, and then, with the help of splicing factors such as U2AF, the other subunits are recruited. The splicing process is also directed by the action of numerous regulators, which are serine-arginine-rich proteins (SR proteins), such as SRp40, SRp55, and SF2/ASF, and heterogeneous nuclear ribonucleoproteins (hnRNPs). Splicing regulators recognize cis elements in the pre-mRNA sequence. SR proteins bind to enhancing signals, whereas hnRNPs recognize silencing ones (100). ESS, exonic splicing silencer; ISS, intronic splicing silencer; ISE, intronic splicing enhancer; ESE, exonic splicing enhancer.
enza virus infection on cellular gene expression (3, 27, 28) . In addition to RdRp and cap-snatching activity, the other most influential viral factor contributing toward such an impact is suggested to be the NS1 protein, as it interacts with numerous cellular components through its RNA-binding and effector domains (29) . Interestingly, NS1 can interact with several spliceosome subunits, including U2 and U6 snRNA in the classical complex but also U6atac, a U6 snRNA counterpart, in the case of minor donoracceptor site combinations (Fig. 2) (30, 31) . Thus, NS1 protein would appear to block cellular gene expression by inhibiting complete spliceosome recruitment and, therefore, the transition to an active splicing complex. However, as viral splice sites have been shown to match human consensus sequences, it was hypothesized that there is a mechanism that preferentially drives the splicing machinery toward viral mRNAs that need to be spliced, for which it would be worth considering the role that NS1 protein may have. Indeed, NS1 protein can efficiently bind the cellular 30-kDa subunit of CPSF (CPSF30), which is an essential component of the cellular 3=-end processing machinery (32) . Through this interaction, NS1 protein globally inhibits the polyadenylation of cellular mRNA but not that of viral mRNA, which occurs independently of the cellular 3=-end processing machinery (33) . In addition, NS1 also interacts with components of the mRNA export machinery, such as NXF1/Tap, p15, and Rae1, and with factors related to nuclear pores, like nucleoporin and Nup98, and has been shown to induce a blockage of host mRNA export (34) . Viral alteration of host RNA splicing and maturation steps is suggested to be a crucial point that balances cellular and viral expression throughout influenza virus infection, since it has been demonstrated that silencing of these cellular factors has a direct impact on viral production (35) .
SPLICING: A NECESSARY STEP FOR INFLUENZA REPLICATION
Among the classical stages of pre-mRNA transcription and maturation in eukaryotic cells, the influenza viruses have developed strategies to replace the host RNA polymerase II with a viral counterpart, as well as the 5= capping and 3= polyadenylation, but not the splicing process. Indeed, influenza virus mRNA splicing remains dependent on the host machinery.
Up to three overlapping coding sequences in the NS segment. Splicing of IAV mRNA was first considered in the late 1970s after the discovery of a new 11-kDa viral polypeptide, named NS2 (also NEP), within influenza virus-infected cells (36) . Using reassortant viruses and RNA hybridization techniques, Lamb and Choppin demonstrated that this ninth influenza virus protein was encoded by the NS segment, already known to encode NS1 (37) . Further analyses, including S1 nuclease mapping of the NS segment, have highlighted its potential to produce two overlapping mRNAs from the same nascent sequence (38) . Subsequent cloning and sequencing strategies then provided a more accurate understanding about these two distinct mRNAs (39) . NS1 is encoded in the NS segment by a colinear transcript of 864 nucleotides (nt) in which the open reading frame (ORF) runs from codon position 15-17 to 738 -740 in the A/Udorn/72 reference strain (Fig. 3A) . The second mRNA, encoding the NS2 protein, is an interrupted transcript of 394 nt (Fig. 3A) . The first section of the NS2 transcript (up to position 56) is identical to the NS1 transcript, and the second section corresponds with the end of the NS segment from position 526. At this position, the ORF shifts to a different alignment, which leads to the translation of NS2/NEP.
Further analysis of the interrupting sequence (positions 56 to 526) revealed similarities between the intervening sequences at both the 5= and 3= extremities and major cellular splicing consensus motifs. This provided support to the hypothesis for nuclear splicing of the NS transcript through recognition of joining sequences by the host spliceosome complex (39) . This hypothesis was validated by Lamb and Lai through the construction of a simian virus 40 (SV40) recombinant vector with a chimeric NS/␤-globin segment (40, 41) . Using uninfected HeLa nuclear extracts in vitro, the NS segment was efficiently processed, proving that its joining sites were indeed splicing motifs that were recognized as classical cellular consensus motifs. However, a larger amount of spliced products was found upon the replacement of the NS 3= ss by its ␤-globin counterpart, indicating that the NS 3= ss was not optimal in the absence of infection (42) . Based on the alignment of more than 500 complete NS sequences chosen from recent human and avian strains (2011 to 2012), we obtained the consensus motifs for both the 5= donor and 3= acceptor splice sites. The donor and acceptor dinucleotides (GU and AG motifs) and nucleotides in close proximity to these motifs were remarkably conserved ( Fig. 3A) and very similar to the human consensus splice sites (Fig. 2 ). More recently, Selman and colleagues (43) have demonstrated the existence of a third NS transcript in the context of adaptation of a human virus (A/Hong Kong/1/1968 H3N2) within a mouse host. This viral transcript, encoding NS3, contains a novel 5= ss (GG/GUA) and the same 3= ss as NS2 mRNA. Nevertheless, the authors performed a bioanalysis of the Influenza Research Database and have only found this additional NS 5= splice site in a limited number of IAV strain sequences (43) .
One M segment template and four transcripts. As with the NS segment, mapping strategies have been performed on the IAV M segment to confirm the description of three transcripts (mRNA M1, mRNA M2, and mRNA 3 ) for only two expressed proteins, M1 and M2 (44, 45) . The M1 protein is encoded by the M segment colinear transcript mRNA M1, in which the ORF runs from codon position 26 -28 to 783-785 (Fig. 3B ). The second protein (M2) is encoded by an interrupted M2 mRNA transcript that is similar to mRNA M1 until position 51. At this point, the sequence is interrupted up to position 740, resulting in an ORF shift during translation such as that described for the NS2 transcript (Fig. 3B) . Based on the unraveling of the splicing process occurring for the NS segment, the extremities of the interrupting sequence of mRNA M2, AC/GUA in the 5= ss and CAG/G in the 3= ss, were described as matching well with human consensus splice site motifs (45) . In addition to these two coding mRNAs, a third transcript, mRNA 3 , has been described for segment M (45) . mRNA 3 consists of the first 11 nucleotides and the last part of the colinear sequence, from position 740 (Fig. 3B) . The mRNA 3 5= joining sequence (CAG/GUAGAU) is located upstream from the mRNA M2 counterpart and has been described to be a much better match to the human consensus 5= ss than the M2 5= ss (40) . Although a potential initiation codon is localized at position 755-757, no corresponding protein product has ever been detected for mRNA 3 . The construction of chimeric M/␤-globin sequences in a recombinant SV40 vector has confirmed that all of these viral sites undergo nuclear splicing using the host machinery in the absence of infection, similar to the results for the NS study (40) . Additionally, a fourth mRNA product (mRNA M4) was later discovered in 864 nucleotides (nt) long and is terminated by a short polyadenylation motif at the 3= extremity. NS1 protein is encoded by a colinear transcript from the initiation codon at position 27-29 to the termination codon at position 738 -740. NS2/NEP protein is encoded by an interrupted transcript that is identical to the first section of the NS1 transcript (up to position 56), with a second section that is similar to the end of the NS segment from position 526 to 864. The black boxes at the 5= ends represent leader nonviral sequences of 10 or 11 nt. The viral transcript encoding NS3 contains a novel 5= ss (GG/GUA) and the same 3= ss as NS2
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A/WSN/33 (H1N1) and in a limited number of other IAV strains (46) . This mRNA M4 corresponds to the first 145 nt of the colinear transcript followed by the last part of mRNA M2 from position 740 to the poly(A) site and encodes M42 (Fig. 3B) . Although a small peptide of 54 amino acids was expected from ORF1 initiation, it has never been detected in infected cells, but more recently, another coding sequence was predicted from an additional initiation codon at position 114 -116 (Fig. 3B ). Wise and colleagues have suggested that M42 could play the role of a functional alternative to the ion channel in M2-deficient strains (47) . Based on the alignment of more than 600 recently completed M sequences (2011 to 2012), we obtained the consensus motifs for all previously described 5= and 3= splice sites (Fig. 3B) . Our analysis highlighted a marked conservation of the 3= ss motifs among the influenza virus sequences studied. This motif is, however, less closely matched to the human consensus 3= ss than its NS counterpart, with a notable GϾA polymorphism localized just after the acceptor site dinucleotide AG at the end of the 3= ss ( Fig. 2 and 3B ). The three distinct 5= ss present different levels of conservation, with the motif corresponding to mRNA M4 being the least conserved. Interestingly, the comparison of the 5= ss motifs for mRNA M2 and mRNA 3 with the human consensus sequences confirmed the observation made by Lamb and Lai indicating that the mRNA 3 5= ss motif matches the human consensus 5= ss more closely than the M2 5= ss (40) .
Expression of the spliced NS and M products is highly regulated. The amounts of cellular mRNAs and proteins from each spliced viral product evolve differently during IAV infection. Indeed, NS1 protein is detected early after the initial infection, and then M1 appears a little later, followed by the expression of NS2/ NEP and M2 (48) . More precisely, while it is assumed that the ratio of spliced to unspliced mRNA of the NS segment is maintained in cells at around 10% throughout the infection cycle, the quantity of NS1 protein increases continuously with time until the later stages of infection (49) . Alternatively, it has been shown that higher levels of M1 mRNA are detected during the early stages of infection compared with the levels of M2 mRNA, the ratio of unspliced to spliced decreasing as M2 mRNA is more highly expressed later during infection (50). Wise and colleagues showed that strain-specific single-nucleotide changes in the 5= ss result in marked alterations of splice site usage (47) . It is worth noting that the splicing efficiency seems to be strongly dependent on the virus strain considered. Indeed, Robb and Fodor reported a completely different pattern of the unspliced-to-spliced ratio with another influenza A virus strain, A/WSN/33 (51) . In this case, the major mRNA detected is the spliced M2 transcript, followed by mRNA 3 and mRNA M4, whereas M1 mRNA represents only 8% of the mRNA products from the M segment. Throughout infection, these viral proteins strongly affect the outcome of viral replication: NS2/NEP is required for nucleocytoplasmic transport of vRNPs, and M2 is an important factor in viral pathogenicity, as demonstrated by splice site mutations resulting in deficient viruses (52) (53) (54) . Thus, the occurrence of an adapted and specific regulation of viral splicing in infected cells appears essential for viral replication.
UNDERSTANDING THE MECHANISM AND REGULATION OF NS AND M SPLICING
Using actinomycin D-induced inhibition of RNA polymerase II, it has been determined that each viral mRNA has an equivalent halflife, and therefore, the possibility of regulation via a difference in their stability and fate in the cytoplasm can be ruled out (50) . Several hypotheses remain and seem to differ according to the nature of the viral transcripts and the stage of infection; they include (i) direct regulation by cis-and/or trans-acting elements targeting the splicing process, (ii) indirect regulation via differential export of viral mRNA, and (iii) a combination of both.
Clues for direct regulation of viral splicing. The first studies investigating the regulation of viral splicing focused on the stability of the splicing complexes required for accurate viral processing. During splicing progression, the spliceosome dynamically recruits factors that form different complexes at each step of the process. The first one sediments at around 55S on a sucrose gradient and is considered a marker for efficient splicing. In vitro experiments in the absence of infection reported that the NS1 transcript can form more stable 55S complexes than cellular mRNAs and could therefore alter the dynamic progress of the machinery, resulting in low or absent production of NEP mRNAs (55) . In fact, using a chimeric ␤-globin-NS transcript, a large intronic sequence has been identified as being responsible for such a blockage (56) . Although this is not an inhibition dependent on the nature of the nucleotide sequence, it has been hypothesized that such a cis element would be necessary for regulating an mRNA conformation that resists spatial rearrangements and thereby interferes with splicing progression (56) . In addition to their previous observations about the NS2 3= ss being less efficient than its ␤-globin counterpart, Nemeroff and Krug hypothesized that a secondary structure, including 3= ss, inhibits the splicing mechanism. However, this blockage is partially lifted during infection, as NS2 mRNA is produced in a 1:10 ratio, confirming that a virusspecific factor and/or infection context are involved, as previously suggested (57) , and this factor is most likely a product from NS segment. Indeed, splicing can occur even if only an NS-expressing plasmid is transfected into cells, demonstrating that an NS element is sufficient to allow viral splicing but not to its full extent (55) .
However, experiments using a vRNP reconstitution assay to mimic infection gave contradictory results. NS splicing was shown to be down-regulated by the NS1 protein via its RNA-binding domain (58) . In contrast, another study using more sensitive detection methods demonstrated that the presence or absence of NS1 protein does not affect the levels of spliced and unspliced NS transcripts (49) . Considering all of these findings, we can assume that these contradictory results may be due to the different experimental strategies used (transient expression versus infection) and the viral origin of genomic and proteomic materials. Nevertheless, further investigations will need to consider NS1 protein the obvious viral candidate involved in viral splicing regulation.
On the other hand, splicing regulation is assumed to be more complex for M mRNAs than for NS mRNAs. First, it is important to note that the mRNA 3 5= ss is located prior to M2 mRNA on the colinear sequence (Fig. 3B) . In this way, it could be considered to be the main 5= ss that best matches to the human consensus donor motifs, as illustrated by our sequence analysis (Fig. 3B) . However, only the expression of M2 protein is relevant for viral replication, whereas the function of mRNA 3 remains unknown. Thus, it has been postulated that regulation in infected cells occurs to promote the use of M2 5= ss in preference to the distal 5= ss. The viral polymerase complex has been proposed by Shih and colleagues to fulfill this role, and this idea has been supported by more recent studies (59, 60) . In fact, RdRp could interact with a specific sequence at the 5= end of the M transcript, blocking mRNA 3 5= ss recognition and directing the spliceosome onto the alternative M2 5= ss (Fig. 4A) . However, as the viral polymerase can interact with all the viral RNAs to perform transcription and replication of the influenza virus genome, this interaction being shown to be relatively unsteady, this particular role for the polymerase complex has recently been challenged. Alternatively, Robb and Fodor have proposed that NS1 also has the ability to bind to the same region with increased stability and thus spatially obstruct the mRNA 3 5= ss (Fig. 4A) (51) , suggesting its main contribution in the regulation of M1 mRNA splicing.
While each interrupted M transcript has a different 5= ss, they all use the same 3= ss, thus highlighting this site as an important region to stabilize RNA splicing. Indeed, a purine-rich sequence located in this region corresponds to an exonic splicing enhancer (ESE) motif recognized by SF2/ASF, a well-known splicing factor belonging to the SR protein family (Fig. 4B) (61) . In uninfected cells, SF2/ASF functions in a concentration-dependent manner to influence the selection of alternative competitive 5= ss (62, 63) . To support this evidence, increasing levels of SF2/ASF in vivo are correlated with increased M2 mRNA during infection compared to the levels of other M transcripts (61) . SF2/ASF thus seems to be an important factor for M splicing stabilization and could also play a role in establishing the rate of unspliced/spliced M products.
Structural basis for regulation. The importance of secondary structures in molecular mechanisms is now well described, most particularly for processes involving RNA, such as alternative splicing (64) . Therefore, it is important to consider that structural conformation is an important element for the regulation of viral splicing. Interestingly, based on sequence analyses and thermodynamic stability studies, it has been predicted that there are regions within IAV mRNAs that are unusually stable and conserved, particularly around M and NS segment 3= ss regions (65) (66) (67) . From phylogenetic analysis coupled to biochemical and biophysical studies, a single-nucleotide substitution near the 3= splice site of the NS segment of H5N1 strains was shown to be critical for the equilibrium between (i) a hairpin and (ii) a pseudoknot conformation, with potential consequences for splicing regulation (68, 69) . In the case of M segment transcripts, recent studies indicate that the region around the 3= ss can also switch between these two distinct secondary structures (Fig. 4C) (70, 71) . The folding of this region into one or the other conformation changes the accessibility to multiple important sites for splicing, including the site of interaction with SF2/ASF, the 3= ss, and the branch point site previously discussed (Fig. 4C) (71) . Considering the 3-dimensional structure, the hairpin conformation would reveal recognition sites for accurate spliceosome assembly, whereas the pseudoknot configuration would inversely inhibit 3= ss processing (71) . Altogether, these recent developments illustrate the most-probably underestimated role of RNA secondary structures in influenza virus biology and, notably, in viral splicing regulation.
Implication of nucleocytoplasmic transport. To address the question of unbalanced viral transcript splicing, it is also important to consider indirect regulation via the export of viral mRNAs, as the nucleocytoplasmic export machinery is closely interlinked with pre-mRNA splicing (72) . There are two distinct cases in term of IAV transcript export, (i) viral intronless transcripts (six of the eight viral RNA segments produce only colinear mRNA) and (ii) spliced viral mRNA, such as the NS2/NEP transcript. Thus, it would seem evident that the viral mRNAs that are spliced by the host machinery are favored and more rapidly transported into the cytoplasm than the intronless transcripts, on the basis of host transcript export. In any case, viral proteins derived from spliced transcripts are expressed in lower quantities than proteins from unspliced mRNAs. Several publications have highlighted interconnections with the host NFX1/Tap export system (reviewed in reference 73). Indeed, it has been shown that the coadaptor NFX1/ Tap, which facilitates the recruitment of mRNA to the nuclear pore complex (NPC), coimmunoprecipitates with the IAV mRNAs, and Read and Digard have shown that IAV mRNAs present differential dependence on the NXF1/Tap pathway for their nuclear export (74) . Moreover, silencing of NFX1/Tap expression induces inefficient IAV replication, which provides conclusive evidence of the importance of this export system for IAV (74, 75) . Different studies suggest that this phenomenon is possible thanks to the action of the multifunctional NS1 protein on the regulation of export. Indeed, NS1 protein can interact with NFX1/Tap, p15, and Rae1, among other export coadaptors, components of the nuclear pore complex, such as nucleoporin Nup98, and several viral mRNAs, by its RNA-binding domain (34, 76) . Moreover, by recognizing an NS2-specific sequence, NS1 protein also retains NS2 mRNA within the nucleus (77) . Thus, the less efficient transport of NS2 spliced mRNA combined with a blockage of NS splicing by the cis element may be a consistent explanation for the small amount of and delay in NS2 protein expression during infection (78, 79) . While the whole mechanism is not yet fully known, these results illustrate how IAV is able to differentially regulate nucleocytoplasmic export of viral mRNAs and, especially, the spliced one, which could permit host and viral protein expression regulation in time.
Numerous host-splicing factors are necessary for influenza A virus infection. As previously described, host factors, notably those interacting with NS1, would be involved in the global downregulation of host cellular expression, while at the same time, they could allow the completion and regulation of viral splicing during infection. The characterization of host factors that interact with NS1 has highlighted a cellular protein named NS1-binding protein (NS1-BP) (80) . In the absence of infection, this protein colocalizes with the SC35 factor in speckle domains, which are involved in spliceosome assembly. Upon infection, as NS1 contributes to a remodeling of the nuclear compartment, and notably, the speckle domains (26), the NS1-BP protein is dispersed inside the whole nucleus. If the physiological function of NS1-BP is unknown, it seems to achieve an important aim throughout influenza virus infection. Indeed, a recent study showed that nuclear proteins NS1-BP and hnRNP K have a privileged function in the regulation of M2 splicing (60) . After infection of an NS1-BPdepleted cell line by an A/WSN/33 strain, in which the spliced M2 mRNA is the most highly represented, the M2-to-M1 mRNA ratio is strongly impaired, whereas it remains at steady state for the other M-derived transcripts. This effect is directly related to the presence of hnRNP K, which acts as an adaptor protein between M transcript and NS1-BP, which is unable to directly bind RNA (60) . In this example, the presence of these two host factors is essential for the expression of viral M2 protein and, thus, for the viral replication.
In addition, over the past 5 years, several genome-wide screening studies have identified important host cell factors in the influenza virus replication cycle (35, 75, (81) (82) (83) . In a short metaanalysis of hundreds of host factors identified based on these different strategies, we have highlighted up to 49 key host factors involved in RNA maturation and splicing processes (Table 1) . Among them, several splicing factors appear to be essential for effective IAV infection, such as pre-mRNA processing factor 8 (PRPF8), splicing factor 3A (SF3A1), the 70-kDa small nuclear ribonucleoprotein (SNRP70), and polypyrimidine tract-binding protein 1 (PTBP1) (35, 81, 82) . Interestingly, despite differences between the cellular and viral models used for these highthroughput studies (e.g., Homo sapiens versus Drosophila models), more than 18% (9/49) of splicing-associated factors were commonly identified in at least two studies ( Table 1 ). The importance of these host factors was highlighted in particular in the genomewide RNA interference (RNAi) screen published by Karlas and colleagues, in which gene ontology (GO) term enrichment analyses revealed that the U2-dependent spliceosome and the spliceosome were among the most enriched terms (35) . This subclass of host factors may constitute a very interesting list of potential therapeutic targets for influenza A virus infection, as illustrated by the pioneering work from retroviral models (84) .
WHAT ABOUT INFLUENZA B AND C VIRUSES?
Whereas most of our knowledge about the cellular and molecular biology of influenza viruses relies on studies dedicated to IAV, we know comparatively little about IBV and ICV. With both of their genomes composed of eight vRNA segments, IAV and IBV share numerous features. However, these viruses have weak percentages of homology between analogous proteins, reflecting divergent evolution, particularly concerning their coding strategy (11, 85) . Actually, only the eighth segment of IBV, encoding its NS1 (B/ NS1) and NS2/NEP (B/NS2) proteins, undergoes splicing in a way (87) . In contrast, the IBV segment 7 encodes two proteins, matrix protein M1 and ion channel protein BM2, via a translational stop-start mechanism in place of the IAV alternative splicing strategy (88) . The ICV genome is composed of only seven vRNA segments and has been described to go through a splicing mechanism in the case of segments 6 and 7. Whereas ICVs use a splicing strategy similar to that of IAV to express both NS1 and NS2 protein from its seventh segment, the processing of segment 6, which encodes the ICV M1 (C/M1) and C/M2, differs more (89, 90) . Indeed, the C/M1 transcript needs to be spliced to introduce a termination codon (nucleotides 753, 754, and 983 for reference strain C/Yamagata/1/88), whereas C/M2 protein is produced after the cleavage of a P42 peptide encoded by an unspliced segment 6 transcript. In the case of ICV, it has been shown that the spliced M transcript is expressed predominantly compared to the unspliced one, which represents only 13% of the amount of spliced M1 mRNA (91-94).
As we have reported above, several studies presume a central role of the IAV NS1 protein (A/NS1) in the regulation of the viral and host splicing process. First, it is interesting to note that, despite the low percentage of identity between A/NS1 and B/NS1, many similar functions and interactions, such as type 1 interferon antagonism or inhibition of PKR kinase, have been described (11) . Surprisingly, in contrast to A/NS1, little is known about the possible role of B/NS1 in splicing regulation. However, at early stages of infection, B/NS1 was found to colocalize with the splicing factor SC35 in nuclear speckles, suggesting a possible role in splicing (95) .
Interestingly, influenza C virus NS1 protein (C/NS1) differs strongly from A/NS1, particularly in the C-terminal half of the protein. It seems that, in contrast to A/NS1, C/NS1 could upregulate the splicing of viral mRNAs in ICV-infected cells, which explains the higher rate of spliced mRNAs than of unspliced ones in this context. In addition, C/NS1 was also shown to facilitate the splicing of IAV M transcripts in vitro (94) . For now, there is no certainty about the mechanism used by C/NS1 to enhance viral splicing. Further studies are necessary for a better understanding of the nuclear function of C/NS1 and its possible role in spliceosome recruitment.
IS SPLICING A KEY DETERMINANT FOR VIRAL REPLICATION, HOST RANGE, AND PATHOGENESIS?
Recent studies have hypothesized that the splicing efficiency of the M and NS segments of IAV could be a determinant in their ability to replicate or to adapt to a new host, denoting an important concern for pathogenicity (79, 96) . Chua and colleagues have recently demonstrated that suboptimal splicing of the NS segment plays a role as a "molecular timer" that coordinates the timing of infection (79) . Moreover, results obtained by Backström Winquist and colleagues have shown that the splicing efficiency of M and NS mRNAs varies between different influenza viruses (96) . For example, the NS segment from A/Brevig Mission/1919/1 (H1N1) has been shown to be inefficiently spliced compared to those of other influenza viruses, possibly due to the differential binding properties of cellular splicing factors (e.g., SR proteins), resulting in the production of higher levels of functional NS1. The authors hypothesized that this could have contributed to the pathogenicity of the 1918 pandemic Spanish influenza virus (96) . Another argument in favor of the importance of splicing strategy for influenza virus fitness was brought forward by Selman and colleagues with the description of NS3 protein expression in response to mouse adaptation (43) . Their study indicates that one of the features of the adaptation of the influenza virus genome to a new host is the creation of new splice sites and that, in consequence, the virus can produce a novel protein, possibly conferring an advantage for viral replication. As it is easy to conceive the potential for the modulation of splicing strategy to optimize the host range and pathogenicity of influenza viruses, it is actually too early to estimate the importance of this mechanism among others.
CONCLUSION AND PERSPECTIVES
During their replication cycles, influenza viruses hijack the host splicing machinery to process their smallest segments. Influenza Minireview viruses have developed accurate regulation mechanisms to utilize the host spliceosome to enable the expression of specific spliced influenza virus products throughout infection. Indeed, in the case of IAV, viral spliced segments contain splice sites that display high levels of similarity with human consensus splice sites, as well as interaction capacities evolved to best fit the host machinery. Our bioinformatic analysis, along with recently published studies, suggest both a conservation and a possible evolution of viral splice site sequences and structure for improved adaptation to the host (67, 70) . Even though the mechanism of regulation of viral splicing is still not fully understood, the currently available data highlight some interesting potential applications. Such applications are particularly notable for the NS segment, encoding the multifunctional NS1 protein, which has been shown to affect a diversity of cellular mechanisms, including the cellular interferon type I response (29) . In fact, the major role of the NS1 protein in cellular processes has been demonstrated by the modification of the NS segment to produce a truncated or deleted NS1 protein (97, 98) . A recent study reported that the NS segment can be modified at the level of the 5= ss and 3= ss regions to induce efficient secretion of exogenous interleukin-2 cytokine in addition to NS products, in a vaccine based on an NS1-deficient viral vector (99) . It highlights one of the interesting applications offered by exploiting IAV hijacking of the cellular nuclear machinery. Future studies are required to further explore and evaluate the biological significance of splicing of viral segments, notably in terms of viral replication, host range, and pathogenicity.
